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ABSTRACT

The Navy's Impact Burid Prediction Modd (IMPACT 25) determines the amount
of burid a mine experiences upon impacting the marine sediment. Impact burid
cdculations are derived primarily from the sediment characterisics and from the minés
two-dimensond ar and water phase trgectories. Accurate buria prediction requires that
the modd's ar and water phase trgectories reasonably mimic the objects true tgectory.
IMPACT 25 assumes that the objects are cylindricd in shape and cdculates the air and

water phase trgectories entirdly from momentum equations.

In order to determine what effect a varying center of mass has on a mine's water
phase trgjectory, a Mine Drop Experiment was conducted. The experiment conssted of
dropping three cylinders of various lengths into a pool where the trgectories were filmed
from two angles. The controlled parameters were, the ratio of mine length to diameter,
inid vedocity, center of mass postion and drop angle. Results indicate that center of
mass podtion has the largest influence on the object's trgectory and that accurate
trgjectory modeling requires the incluson of both momentum and moment equiations.
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l. INTRODUCTION

On December 31, 1991 the Union of Soviet Socidist Republics (USSR)
effectivdly ceased to exig under internationd law and the Cold War ended (Fischer
1999). In response, the Navy-Marine Corps team developed a new Strategic concept,
“...From the Sea’ (FTS), which provides a framework for Nava operations into the 21%
century. FTS effectively shifted operational focus from blue water operations to sea
based power projection into regiond littora areas. FTS, the 1994 revison “Forward ...
From the Sea’ (FFTS) and “Operational Maneuver from the Sea” (OMFTYS) dl provide
guiding principles for sea-based power projection to regiond littoral areas of the world.

One of the greatest threats to U.S. sea-based power projection in littord aress is
the navd mine. Mines were firs developed in 1776 and have been used in most mgor
conflicts snce. Today, an esimated 50 countries possess some sort of mining capability.
(Lehr 2000) Mines can be used in both offensve and defensve roles Offengvely, they
can be placed in enemy waters or nearby sealanes in order to harass military and
commercid shipping. Defensvely, they can be used to deay or prevent amphibious
assaults or to deny command of the sea. The Wonsan Korea Mine Crisis and Irag's use of
mines during Desart Storm provide excellent examples of the vaue of the navad mine as a
defensive wegpon. Shortly after the October 1950 Wonsan, Korea mine criss, then Chief
of Nava Operations Admird Forest Sherman exclaimed,

... When you can't go where you want to, when you want to, you haven't
got command of the sea. Command of the sea is the bedrock for dl of our
war plans. We have dways been submarine-conscious and ar-conscious.
We have now commenced to become mine-conscious... beginning last
week.” (Boorda 1999).

Within the past 15 years three U.S. ships, the USS Samud B. Roberts (FFG-58),
Tripoli (LPH-10) and Princeton (CG-59) have fdlen victim to mines. Totd ship damages
were $125 million while the mines cost gpproximately $30 thousand. (Boorda 1999)
Mines have evolved over the years from the dumb “horned” contact mines that damaged
the Tripoli and Roberts to ones that are relatively sophigticated - non-magnetic materids,
irregular shapes, anechoic coatings, multiple sensors and ship count routines. Despite



ther increesed sophidticetion, mines reman inexpendve and are rdaivey easy to
manufacture, upkeep and place. As such, they are an efficient, yet potent, force multiplier
and are widdy available to any country or group who has a modest ability to purchase
them.

Navd mines are chaacterized by three factors postion in water (bottom,
moored, risng, floaing), method of ddivery (arcraft, surface, subsurface) and method of
actuation (acoudtic and/or magnetic influence, pressure, contact, controlled). The littord
battlespace is divided into five regions based upon water depth. Within each of these
regions nava forces can encounter multiple types of threets (Fig. 1). The littord regions
are:

Deep Water (DW). Water depths: >300 ft. Threst: mainly moored and
risng mines, dthough afew large bottom mines exigt.

Shalow Water (SW). Water depths: from 40 to 300 ft. Threat: bottom,
moored and risng.

Veay Shdlow Wae (VSW). Water depths. from 10 to 40 ft. Threat:
bottom, moored, rising and controlled.

Surf Zone (SZ). Water depths: < 10 ft. to the beach itsdf. Threat: same as
VSW but land mines and obstacles can aso be encountered.

Craft Landing Zone (CLZ). Waer depths the beach itsdf. Threat:
conventional land mines and obgacles. (U.S. Navd Mine Warfare Plan
2000)

The ghift in focus from the blue waer to the littord has brought many new
chdlenges to the warfighter. The grestest is what impact will the highly varidble littord
environment have on future operations, particulaly mine countermeasures (MCM). The
mog influentid environmental parameter to successftul MCM  operations is the loca
bathymetry character of the bottom. This key parameter often determines whether an area
should be swept or hunted. Bottom clutter in the form of rock outcrops, cora reefs, man+
made debris and irregularities in dope provide fase contacts or create shadow zones that
increese overal clearance times. Soft bottom sediments such as marine cdays and silts
cause a high degree of mine buria upon impact. These buried or partialy buried bottom
mines are of grestest concern to the MCM planner.
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Figure 1. Littord Mine Threat. From Rhodes, 1998.

Environmental data collection in a potentid adversaries littord region is often
hampered by inaccessibility. This lack of accurate data causes a certan degree of
uncertainty in MCM planning. As a result, severd numericd modds for predicting mine
impact burid (IB) have been devedoped. The most promising IB modd was originaly
developed by Arnone and Bowen in 1980. Later improvements by Satkowiak (1987),
Hurgt (1992) and others have resulted in the current verson, IMPACT 25. IMPACT 25
creates a two-dimengond time higory of a cylindricd mine as it fdls through ar, water
and sediment phases. 1B prediction is lagdy cdculaed from the marine sediment
characteristics and mine impact orientation and velocity.

Severd sudies with regard to IB have been conducted over the years. Taber
(1999), Smith (2000) and Lott (1995) conducted experiments to verify the IMPACT 25
sediment phase caculations. However, accuraie IB prediction dso requires tha the
mine's trgectory through the air and water phases is adequately accounted for. IMPACT
25 approximates mine shape as a cylinder, includes a torque adjustment for cases where
COM does not coincide with the center of buoyancy and calculates the ar and water
phase trgectories entirdy from momentum equations. As a result, caculated trgectories

tend to be arc shaped and lack movement of the mine about its own axis. In order to
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examine what effect a varying center of mass has on a mine's water phase trgjectory, the
first in aseries of Mine Drop Experiments (MIDEX) was conducted in June 2001.



II.  MINE DROP EXPERIMENT (MIDEX)

A. PREPARATION

MIDEX basicdly conssted of dropping each of three right cylinders into the
water where each drop was recorded underwater from two viewpoints. The controlled
parameters for each drop were: center of mass pogtion (COM), initid velocity (Vinit),
drop angle and the ratio of mine' s length to diameter. Figure 2 depicts the overal setup.

Figure 2. Equipment used. A denotes drop angle device, B mineinjector, C infrared light
sensor, D output to universa counter, E mine shapes.

1. Mine Shapesand Center of Mass Positions

Three mine shapes were used for the experiment. All had a circular diameter of 4
cm, however the lengths were 15, 12 and 9 cm respectively. The bodies were constructed
of rigid plagic with duminum-capped ends. Insde each was a threaded bolt, running
lengthwise across the mine, and an internd weight (Fig 3). The internd weight was used
to vary the mine's COM and could be adjusted fore or &ft.

Figure 3. Internd Components of Mine Shape



COM positions were denoted using 2, 1, 0, -1, -2. COM 0 cases were identical to
the IMPACT 25 modd’s uniform dendty assumption (COM = CB). All other cases
indicated the relative podtion of the COM to the CB. Figure 4 displays the various

measurements for each COM position.

MOOEL 21
Le15 1363cm Dwdom - me2 Tom
Weighbe332 59 Volumes130 2028 o Disnsitye 5355 glomr
H 1438h &AM ETE em
h -14i G8EE X1 om
bk Qo0 1E40E 3EEI0 mm
MODEL=2
L=tz 072Ecm Dwdom maT.Fom
Weaghtad5d F g Valormes 151,78 e’ Dherady s E758 glery
H 0480 BBE  ATER &
ke -18d 828 2118 om
Q00D 12742 242% mm
BCOEL 23
L=31139crm O=dom  meT.d7cm
Weighta? 15 3 g Vol 56 8037 e Diinsitye] 8788 glem
H BB 558 451 om
e -138  -0297 A7 om
k& 0000 EB47  WIEM mm

Figure 4. Mine Shape Characterigtics. The leftmost column indicates COM position O,
while the rightmost indicates COM position 2.

2. Modd Mine Scaling

Our god was to choose a scale that was somewhat representative of the red world
ratio of water depth to mine length, but a the same time would be large enough to film
and would not damage the pool's bottom. The mode mines were based on the redidic
assumption that a 3 m mine is laid in water depths of 45 m, thus producing a 15:1 ratio.
This ratio was close to aur basdine 15 cm mine being dropped into a pool of 2.4 m depth.
The addition of a 12 and 9 cm length dlowed for later comparison of the sengtivity of
water phase trgjectory to theratio of mine length over diameter.

3. Initial Veocity

Initid veodty was cdculated by using the voltage return of an infrared photo
detector located at the base of the mine injector. The infrared sensor produced a square
wave pulse when no light was detected due to blockage caused by the mine's passage.
The length of the square wave pulse was converted into time by usng a universd
counter. Dividing the min€s length by the universd counter's time yidded Vini. The



mines were dropped from severd postions within the injector mechanism in order to

produce arange of Vipit.

The method used to determine Vini¢ required that the infrared light sensor be
located above the water's surface. This distance was held fixed throughout the experiment
at 10 cm.

4. Drop Angle

Drop angle was controlled using the drop angle device. Five screw postions
marked the 15, 30, 45, 60, and 75-degree podtions. The drop angles were determined
from the lay of the pool wakway, which was assumed to be padld to the water's

surface.

A range of drop angles was chosen to represent the various entry angles that air
and surface laid mines exhibit. This range produced velocities whose horizontd and
verticd components varied in magnitude. This alowed for comparison of mine trgectory
sengtivity with the varying velocity components.

5. Coordinate System

Two coordinate systems are used to describe the mine fdling through the water
column. The firg is the earth’s coordinate system that follows the right hand rule (Fig 5)

and the second is the mine's coordinate system that remains rigidly connected to the mine
(Fig 6). Chapter IV provides a more detailed explanation of the coordinate systems used.

¥ Camom

L M Do

Figure 5. Earth Coordinate System.
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Figure 6. Mine' s Coordinate System. y isthe attitude or anglein the zplane

Two 10 cm grids were affixed to each pool wal. Each grid was constructed out of
fiberglass and was used to record the mine's postion inthe x, -z and -y, -z planes (Fig 7).

EEEEEEEIEN IR EFEEE]
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; 374 § 1 d o
Figure 7. Background grid. Affixed to x, -z and -y, -z planes

B. METHODOLOGY

For each run the mines were set to a COM position. For positive COM cases, the
mines were placed into the injector so that the COM was located below the center of
buoyancy. For negative cases, the COM was located above the center of buoyancy prior
to relesse. A series of drops were then conducted in order of decreasing mine length for
each angle, sarting at 15° (Table 1). Each video camera had a film time of gpproximately



one hour. At the end of the day, the tapes were replayed in order to determine clarity and
optimum camera position.

Drop Angle —» 15° 30° 45° 60° 75°
COM Paosition
2 13 15 15 15 12
1 9 15 15 15 9
0 12 15 14 18 6
-1 0 6 6 6 0
-2 2 6 6 0 0
Table 1.

Number of Drops Conducted by Drop Angle and COM Position
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1. DATA RETREIVAL AND ANALYSIS

A. DATA RETREIVAL

Upon completion of the drop phase, the video from each camera was converted to
digitd format. The digital video for each view was then andyzed frame by frame (30 Hz)
in order to determine the mings postion in the x, -z and -y, -z planes. The min€'s top and
bottom postions were input into a MATLAB generated grid, smilar to the ones within
the pool. The firg point to impact the water was dways plotted fird. This facilitated
tracking of the initid entry point throughout the water column. The cameras were not
time synced; thus, the first recorded position corresponded to when the full length of the
minewasin view.

B. SOURCES OF ERROR

There were several sources of error that hindered the determination of the mine's
exact podtion within the water column. Locations aove or beow the cameras foca
point were subjected to paralax digtortion. Placing the cameras as far back as possible,
while gill being able to resolve the individud grid sguares, minimized this error. Second,
the background grids were located behind the min€'s trgectory plane. This resulted in the
mine gppearing larger than normd. This error was minimized by not adlowing the plotted
points to exceed the particular mines length. Third, an object injected into the water will
gengrate an ar cavity. This ar cavity can greatly afect the initid motion, paticularly a
very high speeds (hydro bdligtics). The ar cavity effect was deemed to be minima due
to the low inject velocities used.

C. DATA ANALYSIS

The 2D data provided by each camera was first used to produce raw 2D plots of
the min€'s trgectory. Next, 2D data from both cameras was then fused to produce a 3D
higory. This 3-D hisory was then made non-dimensond in order to generdize the
results. The non-dimensional data was used to generate impact scetter plots and was dso

usd in multiple linear regresson caculations. The non-dimensond conversons used
were:

11



T _2M  (xXy,2) (u,v,w)

=V = — ; : , cos(drop angle), 1
g

where L = mine length, D = mine diameter, g = gravitationd force, (x,y,z2) are the mines
earth coordinates and (u,v,w) are the mnes veocities in the X, y and z directions. Table 2

provides a summary of the commonly used non-dimensona COM terms.

Mine Length — % 15 12 9
COM Paosition
2 0.1939 0.1594 | 0.1198
1 0.0969 0.0797 | 0.0599
0 0 0 0
-1 -0.0969 -0.0797 | -0.0599
-0.1939 -0.1594 | -0.1198

Table 2. Commonly used non-dimensional COM positions. Non-dimensond COM
positions determined using TM , Where M isgivenin FHgure 4.

1. 2-D Plots

The raw 2D data was plotted in the X, -z and -y, -z planes for two purposes. Fir,
it provided a check on the methodology used for postion recording. Second, the 2D -y, -
z data alowed us to develop generdized trgectory patterns that the mine's appeared to

follow. Figure 8 depicts an example of a 2-D plot. Trgectory patterns are presented in
Chapter 5 and Appendix A.
2. Impact Attitude

The mines find data point was consdered to be the impact point. Impact points
were grouped by COM postion and mine length in order to establish the relationship of

COM postion to impact atitude. Figure 9 provides a summary of al cases. Further
histograms are provided in Appendix B.
3. Impact Point L ocations

The laterd movement a mine experiences after drop is of extreme importance to

12
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Figure 9. Impact Anglesfor al cases.
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Fraquerny of

the MCM planner. When the threat of mines exists, a mine danger area is established.
The greater the uncertainty in the mine's location, the larger the danger area. Increases in
a mine danger area trandate into increased clearance times. The impact points were
andyzed to determine the lateral movement experienced as influenced by COM postion,
and drop angle (Fig 10). Additional impact plots can be found in Appendix C.
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Impact Points (All Cases)
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X (non-dimensional)

Figure 10. Impact Points for al cases and conditions. The yelow areas represent the
cameras used.
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V. DYNAMICSOF A CYLYNDRICAL MINE

A. TWO COORDINATE SYSTEM S

Two coordinate systems are used to describe a cylindricd mine faling through
the water column: earth and body (mine) coordinates. The earth coordinate system is
fixed to the swvimming pool with horizonta sides as x and yaxis, and vertical direction &
the zaxis (Fig. 5). The body coordinate is rigidly connected with the cylindricadl mine.
The origin of the body coordinate sysem coincides with the center of gravity (CG); the
axis-ry is dong the centerline of the cylinder; the axis-r, is perpendicular to the plane
constructed by axes-r; and axis-z (r1-z plane); and the axis-r3 lies in the (1-2) plane and is
perpendicular to axis-r1. The sdlection of axes &, y, 2 and (1, ro, r3) folows the right-
hand rule. The angles that the three axes r, r», r3 form with the vertica (upward positive)
aecdledf 1, f 2, andf 3 (Fig. 11). Theanglef 1 isusudly cdled the attitude of the mine.

M1

Figure 11. Mine Coordinate System. The axisrs originates at CG and comes out of the
page towards the viewer. CB is the center of buoyancy (volumetric center) of the mine.

B. HYDRODYNAMIC THEORY OF MINE IMPACT BURIAL

The essentid dements of the mine impact burid modd trandate into the science
and engineering of hydrodynamic processes associated with a falling object and sediment
transgport. Any solid object fdling through a fluid (ar and water) should obey two
physicd principles: (2) momentum balance and (3) moment baance:
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C(dV'/dt") dm’ = W' +Fp + Fg 2
Clr™ (@V'/dt')] dm =M, ©)

where the superscript * denotes dimensiond variables. V' is the velodity of the ming, W’
the gravitationd force, F, the buoyancy force, Fq the drag force, and M~ the resultant
moment of momentum. Exiding IBPM modds only congder the momentum baance of
the mine [i.e, EQ. (2)] and disregard the moment balance of the mine [i.e, Eq. (3)]. Such
an incomplete hydrodynamics of the modd leads to unredigtic prediction of the minegs
water phase trgectory (Fig. 12). By condgdering momentum and moment balance, the
fdling object shoud have a spird-type motion (Fig 13). Without the spird-type mation,
the IBPM may over-predict the impact burial depth (Chu et a. 2000).

W ithout horment With Constant Rotaton
A \

Improved IBPM with .
'l rotation but "}_\
without Moment
1 Equation _L—
II ¥

1 ~ ]
I. A *
1 - &

%
Arnone-Bowen IBPM ‘lxﬁ
Without Moment Equation l .

Figure 12. Mine Motion without Consideration of Moment Equation.
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With Morment Equations
Y
\
/.
\
/
\::

Spirdl -Type Motion f\
l

Figure 13. Mine Moation with Congderation of both Momentum and Moment Equations.

Let (V,,V,,V,) be the three components of the velocity of CG and (w,,w,,w,)
the components of the angular velocity, referring to the direction of the mine-fixed

coordinate system. The momentum equation (2) becomes:

AV, | o T T, Coly (Yo
WV - WV, =g cosy ;- 22|V [(V; - V,,) (43)
dt M m 2Lr
dV* *, * *y * rm' rW C rW w* * *
SRR AVRER AV cosy ,- 2|V [(V, - V,,) (4b)
t Mo 2Lr
dV* *, * *, * r = I' C r ly* * *
_§+W1V2 - W2V1 =9 = = cosy ;- o\ |V |(V3 - VV\B) (4C)
dt ro. 2Lr

where Cp is the drag coefficient, g the gravitational acceleration, L the length of the mine,
and (V.,,V.,,\V.

wl? w.

made non-dimensond by:

t :\/%t, w Z\EW' \ARVARVARVARVARVAS EW T AVAVAVAYSRVERVAS I (o)

;) IS the water velocity. The independent and dependent variables are

The momentum equitions (4a)- (4¢) become:
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A/ _
%-‘-Wzvs'wsvzz' CDrW |V|(V1'Vvu)+ rm rwcosyl (68.)
\'} _
WNa - wy, = - Sl - v+ Tn Ty (6b)
dt 2r . "
\'} _
%+W1V2'W2 1" (;Drw|v|(v3'vw3)+rm rwcosyg- (60)
r

m m

The non-dimensiond equation of the moment of momentum (3) becomes.

‘]1 dWl +(‘Ja - Jz)szs - ‘J31(% +W1W2) = LMl (7a)
dt dt

‘]2 d(\;\:z + (Jl - J3)W3W1 - ‘J31(W§ - W12) = LM2 (7b)

J3 d(\j/\t/3 +(J;- JJww, - ‘J31(%‘ WW,) = LM, , (7c)

where Ji, J», and Jz are the three moments of gyration,

J =g+ )dm , J, =7 +rd)dm, I =i +r)dm ()
and the moment of deviation (or inertia products of second order),

Ja = OFdm 9)

The orientation of themine (f 1, f 2, f 3) isdetermined by

%cosy L =W, COSy , - W, COSY , (10a)
%cow , =W, COSY , - W, COSY ; (10b)
%cosy 3 =W, COSy , - W, COSy ,. (10c)

The nine non-dimensond equations (6ac), (7ac), and (10ac) are the basc sysem for

describing the mine movement in the water column.
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C. PHYS CAL CHARACTERISTICSOF MINE

For a cylindricd mine, two characterigics are important for the prediction of mine
movement in the water column: the ratio between length and diameter (L/D) and the ratio
M/2L with M being the distance between the centers of gravity and buoyancy. Podtive
(negative) values of M refers to the center of gravity below (above) the center of
buoyancy. In MIDEX, L/D = 15/4, 12/4, and 9/4; M/2L values are provided in Table 2.

D. INITIAL CONDITIONSIN MIDEX

During the experiment, the initid conditions were initid velocity and entry angle.
Thus, for the dynamicd sysem (6ac), (7a-c), and (10a-c), the initid conditionsa t = 0
were:

V1: Vint ,VZZO,V3:O,91:g2:gi3:OiflzDrOpAngle’f2:f3:0' (11)
JoL
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V. RESULTS

A. TRAJECTORY PATTERNS

By andyzing the 2-D -y, -z planar plots we were able to develop seven generd
trgjectory patterns. Pattern names are based upon the mine coordinate system. The -y, -z
planar plots were chosen for trgectory andyss, as this plane was pardld to the direction
of mine drop. The generdized trgectory patterns are described in Table 3 and Figures
14aand b. Appendix A contains dl of the remaining analyzed 2-D plots.

Mine Traectory Pettern Description

Straight or Sant Mine exhibited little angular change about z-axis. For draight
mine atitude remaned nearly padld with z-axis (+ 15°). For
dant, mine attitude was 45° off zaxis (+ 15°).

Spiral Mine experienced rotation about z-axis throughout its waeter
phase trgjectory.
Hip Initial water entry point rotated at least 180° during mine
mation.
Hat Mines angle with vertica near 90° for most of the trgjectory.
Seesaw Smilar to the flat pattern except that mines angle with vertica

would oscillate between greater (less) than 90° and less
(greater) than 90° - like a seesaw.

Combination Complex trgectory where mine exhibited severa of the above
patterns.

Table 3. Description of Mine Coordinate Based Trgjectory Patterns

B. IMPACT ATTITUDE

IB is largely determined from the impact atitude of the mine. Mines whose
impact attitudes are perpendicular (Y1 @ O or 180°) to the sediment interface will
experience the largest degree of IB. (Taber 1999). It is therefore important to analyze the
relationship between impact attitude and the controlled parameters, drop angle, Mpit, L/D
and COM podtion. Both L/D and Vin: hed little influence on impact attitude. COM

position and drop angle, however, were the largest determinants of mine impact attitude.

From Figure 9 it is apparent that there are several pesks centered near 90°, 140°
and 180°. Further analysis reveds that these peaks correspond to COM positions O, 1 and
2 respectively (Fig. 15). COM podtions -1 and -2 followed the same trend as ther
positive counterparts. In our coordinate system the attitude is measured with respect to
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the mines firg entry point. When looking into the -y, -z plane, a mine with a @ or 40°

atitude will look the same as amine with a180° or 140° attitude.

Although drop angle was not the most influentid parameter, variations did induce
changes in impact orientation. As drop angle increased, the likdihood of any laterd
movement decreased. This dlowed for impact angles that were more verticdly
orientated. This is primarily due to the fact that the verticd components of velocity were
greater than those a shdlow angles. Thus, the time to bottom and time for trgectory

dteration was less.

Straight Spiral Flat
L= 15cm, Vi= 1.835m/s L= Scm; Vi= 1.553m/s L= 15cm: Vi= 2.18mv's
0 b '|I -‘. ﬂ !
/ /
| f - 2
| i _ ;"
05} [ {1 05} :
Ii
i i =
% ==
g =' \ =
4 ! i =:E
“1.5¢ ! ( 1 1.5}
£
2 i l‘} -
| §
05005 05 0 05 05060402 0 02
¥ (mj Y {mj) ¥ ()
Figure 14a. Trgectory Examples.
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Flip Seesaw Flip-Flat

L= 15cm; Vi= 2.874m/s L= 15cm; Vi= 1.379m/s L= Sem: Vi= 2.294mis
0 / 0} J
/ z
: i i
0.5 k- 05| {_r
/ -; .
§ /
Fd i
; o
T o
i 3
F- %
4.5t f 15
2 ’ 2
-08-06-04-02 0 02 06-04-02 0 0204 060402 0 0204
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Figure 14b. Trgectory Examples
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Figure 15. Relationship between COM Position and Impact Attitude.
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C. IMPACT POINTS

Usng a methodology smilar to that used in impact atitude analyss, impact point
scatter plots were andyzed by the controlled parameters, drop angle, Vit and COM
position. Impact point scatterplots are provided in Appendix C. COM 2 and O cases fell
near the drop point greater than 90% of the time while COM 1 cases displayed the most
vaiability. Additiondly, the flip experienced in negative COM cases induces a grester
degree of laterd movement than in positive COM cases.

D. MULTIPLE LINEAR REGRESSION ANALYSIS

Multiple linear regresson anadyss was performed on the last recorded points
(impact points) usng a least squares technique as outlined by Wapole (1998). The
pupose of this was to edablish a reationship between the input non-dimensond
parameters, drop angle, COM position, Vi,it and L/D, and output variables, (Xm,Ym).
(uv,w) andy 1 (Table 4). The basic equation used was.

fi :BO+81X]1- +82Xz +83X3i +B4X41 t€ (12)

where f; is the desired output parameter, (Xm, Ym,» Y 1, U, V, W), betas are the correlation
coefficients, x; isdrop angle, X2 iSL/D, X3 is Vinit and x4 is COM position. The results

Xm Ym Y1 u v w
bo -.0746 -.0546 102.5691 .0040 -.0135 -.9481
b1 1190 -.0828 -13.3508 -.0075 -.0106 -.1080
b, -.0469 -.0798 -.5009 -.0011 .0005 .0295
bs .0372 .0622 1.0437 .0025 .0011 -.0221
b4 .2369 4330 472.2135 -.0090 .0537 -1.2467

Table 4. Multiple Linear Regresson Analyss Correlation Coefficients.

indicate that COM position has the largest influence on dl output variables. As a check
we determined y 1 for a case where L/D = 3.75, Drop angle = 15°, COM = .1939 and Vit

= 3m/s. After non-dimensondizing drop angle and Vit we found that the impact attitude
24



was 181.2°, in good agreement with observations. Similarly, for COM = .0969 and 0 we
found that the impact attitudes were 136.1° and 90.4° respectively. This is dso in good

agreement with observations and follows the trends established in the higogram andyss.
Impact point data tables can be found in Appendix D.
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VI. DISCUSSION

The water phase trgectory a mine experiences ultimaidy determines the impect
orientation. In MIDEX, the categorizing of trgectories into generd patterns served two
purposes. Fird, the pattern name gives a sense of impact attitude. Second, it dlowed for a
visudization of the motion a mine experiences about its own axis. Observed trgectories
were found to be most sengtive to COM position, drop angle and mine length. As COM
distance increased from the CB the mine tended to follow a Straight pattern. As COM was
moved closer to the CB the mine's trgectory tended towards being more parallel with the
pool's bottom (Tables 5a-d). At seep drop angles, the mine experienced little laterd
movement and tended towards a draight pattern. Additionally, as mine length decreased
more complex trgectory patterns developed. This included dgnificant rotation about the
vertical axis and increased lateral movement.

COM Position: 2
IMine Length: 15 12 9
|Drop Angle: 15° Straight Straight Straight-Slant
Slant-Straight Spiral Spiral
Slant-Straight Slant-Straight __{ _ Slant-Straight |
Slant-Straight Slant-Straight Spiral
IDrop Angle: 30° Slant-Straight Slant Spiral
Straight Spiral Spiral
Slant-Straight Straight Spiral
Slant-Straight Slant-Straight Spiral
Slant-Straight Slant-Strajght Spiral
IDrop Angle: 45° Slant-Straight Spiral Spiral
Slant Spiral Spiral
ight-Spi Straight-Spiral Spiral
Straight Straight Spiral
Slant Slant-Straight Slant-Spiral
|IDrop Angle: 60° Straight Strajght-Slant Spiral
Straight Straight Spiral
Straight Straight Spiral
Straight Straight-Spiral Straight-Spiral
Straight Straight Spiral
Drop Angle: 75 ° Straight Straight Spiral
Straight Straight-Spiral Slant
Straight Straight Spiral
Straight Straight-Spira jght-Spi
Straiaht Straight-Spiral Straight-Soira

Table 5a. Observed Trgjectory Patterns for COM Position 2.
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COM Position: 1
Mine Length: 15 12 9
|Drop Angle: 15° Slant Spiral Straight-Spiral
Slant-Spiral Slant-Spiral Spiral
Slant Slant Spiral
|Drop Angle: 30° Slant Slant-Spiral Spiral
Slant Straight-Slant Spiral
Slant Slant Spiral
Straight-Slant. Slant Spiral
Slant Slant-Spiral Spiral
|Drop Angle: 45° Slant Slant Spiral
Slant Slant Slant-Spiral
Slant Straight Slant-Spiral
Straight Straight-Spiral Slant
Slant Slant Spiral
|Drop Angle: 60° Straight Slant-Spiral Spiral
Slant Straight Spiral
Slant Straight Straight-Spira
Slant Straight Straight-Spiral |
Slant Slant Straight-Slant
|Drop Angle: 75 ° Straight Straight Straight-Spira
Straight Straight Stra gh_t Sp ra
Straight Straight-Spiral
Table 5bh. Observed Trajectory Patterns for COM POSItIOﬂ 1
COM Position: 0
IMine Length: 15 12 9
[Drop Angle: 15° Seesaw Flat Flat-Seesaw |
Seasaw Seesaw Seesaw
Seasaw Seesaw Flat-Seesaw
Elat Spiral-S Spiral-Seesaw
|Drop Angle: 30° Seesaw Elat Spiral-Seesaw
Elat Flat-Spiral Flat-Spiral
Flat-Spiral Flat-Spiral Flat-Spira
Elat Elat-Spiral Elat-Spiral
Slant-Seesaw Spiral-Flat-Seesaw Flat
|Drop Angle: 45° Seesaw Flat-Spiral Spiral-Seesaw
Elat-Spiral Straight-Flat Straight-Flat
Straight Straight-Flat Straj ghj. Flat-Spira
Straight-Flat-Spiral S
|Drop Angle: 60° Spiral-Seesaw Straight-Seesaw Straight-Flat
Straight-Spiral-S Straight-Spiral-Si Straight-Flat
Slant Straight-Flat Straight-Spiral-Flat |
W‘ -Flat-Spi Stralght St amm&essamdomal_
|Drop Angle: 75 ° Straight-S: I Straight-Spiral-Seesaw
Straight-Spiral-Seesaw S.tLamht Strajght-Flat-Soiral |
Table 5¢. Observed Trgjectory Patterns for COM Position O.
COM Position: -2
Mine Length: 15 12 9
Drop Angle: 30° Flip-Straight Flip-Slant Flip-Straight-Spiral |
Elip-Straight Elip-Straight Elip-Straight-Spiral-Flip
IDrop Angle: 45° Elip-Straight Elip-Straight-Spiral Elip-Straight
Flip-Strajght Elip-Straight Elip-Straight-Spiral
COM Position: -1
|Drop Angle: 30° Elip-Straight Elip-Slant Straight-Flip-Seesaw |
Elip-Slant Elip-Straight Elip-Straight-Spiral
Drop Angle: 45° Elip-Spiral-Slant Flip-Slant Flip-Spiral
Elip-Slant Elip-Slant Flip-Spiral
|IDrop Angle: 60° Elip-Straight Elip-Straight Elip-Spiral-Seesaw
Strajaht-Flip Slant-Flip-Slant Flip-Spiral

Table 5d. Observed Tragjectory Patterns for Negative COM Cases.

In order to evduate the validity of the IMPACT 25 water phase trgectory
patterns, a comparison between our results and the modd's was peformed. The mine
shape characterigtics (length, diameter, COM distance), drop angle, release dtitude (.1
m), water temperature (23.8°C) and initid vedocities (converted into horizontd and
verticd components) were entered into IMPACT 25. Mode output was organized by

COM podtion, mine length, drop angle and impact angle (Table 6).
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Mine Length
|ICOM Position: 2 15cm 12 cm 9cm
. 15° 184.8° 187.8° 184,0°
30° 185.1° 187.8° 185.6°
45° 185.8° 187.6° 187.5°
60° 186.1° 187.1° 187.8°
75° 185.8° 186.0° 186.8°
ition: 1
15° 148.3° 152.8° 178.6°
30° 151.9° 156.7° 177.3°
45° 158.0° 162.0° 178.6°
60° 166,9° 169.2° 182.5°
75° 174.9° 174.9° 185.9°
ition: 0

15° 98.8° 98.3° 98.7°
30° 111.5° 111.6° 112.2°
45° 126.8° 126.9° 127.8°
60° 143.1° 143.0° 143.6°
75° 160.1° 160.1° 160.4°

[com pasition: -1
30° 43.1° 38.9° 42.8°
45° 61.1° 54.9° 58.4°
60° 104.6° 93.2° 94.8°

[com Position: -2
3Q° 5.5° 358.3° 4.7°
19.3° 168.0° 15.8°

45°
Table 6. IMPACT 25 Derived Impact Angles. Output has been converted into the
coordinate system used during MIDEX.

Ovedl, the IMPACT 25 modd decreased the impact angle as COM distance
decreased. This agreed with the observed trend in the hisogram analysis. Additiondly,
the modd predicted impact angle for COM 2 cases and the flip for negative cases farly
well. However, dgnificant deviation between observed and mode output occurred for
COM cases 1 and 0. This deviation was primarily due to the fact that the trgectories are
cdculated usng only momentum equations. This caused the modd to be more sendtive
to drop angle, which resulted in the impact angles being more verticd as drop angle
increased. As such, the modd tended to be dow in predicting dterations in trgectory
caused by moving the COM closer to the CB. Furthermore, the IMPACT 25 patterns
tended to be more ac shgped and did not include the spirding motion frequently
observed for the 9 cm mine.
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VII. CONCLUSIONS

MIDEX is the first step in an ongoing process to better understand and predict the
various parameters that effect a mings motion. Although the crudeness of the experiment
precluded development of prediction equations, it did prove one key point. COM position
has the largest influence on mine water-phase trgjectories.

The observed trgectories were far more complex than those theorized by using
only the momentum and rotation equetions. Smply entering the initid attitude and
rotetion rate into the modd will not satisfy the needs of the modern naval warfighter. At a
minimum, updates to the IMPACT 25 modd should include the more redisic moment
equations.

Further research on mine hydrodynamics is needed. The research needs to expand
beyond the smple cylindricd shgped mine to those that are irregularly shaped (Rockan
and Manta types). Additiondly, the utilization of scded down versons should be
explored. A smdler mine tha can be modded as accurately as its red counterpart will
save time, money and will require lesslogistica support.
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APPENDIX A.2-D PLOTS

Appendix A contains dl of the 2-D -y, -z plots that were used to establish
generdized trgectory patterns. The scdes have been left in dimendond units and the
camera viewpoint is perpendicular to the mines drop direction (-y axis). The pattern
names were chosen based upon the genera shape of the trgectory pattern in mine
coordinates (traight, dant, spird, flip, flat, seesaw or combination).
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-0.5 0 05 -06-04-02 0 0204 -06-0.4-02 0 0204
Y (m) Y (m) Y (m)
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-1.5

L=15cm; Vi= 2.23m/s

Drop Angle: 45; COM:2
L=12cm; Vi= 2.3m/s

L= 9cm; Vi= 2.242m/s

Straight-Spjral

T T
Straight-Sy

i iral | Spiral |
- }ll = =
|
_ | _ / _
-OI.B-OI.4-OI.2 CI) .I2 0.I -OI.5 CI) 0.|5 -OI.B-OI.4-OI.2 CIJ 0.|2 0.|4
Y (m) Y (m) Y (m)



-1.5

L=15cm; Vi= 1.832m/s

Drop Angle: 45; COM:2
L=12cm; Vi= 1.836m/s

L=9%cm; Vi= 1.823m/s

Straight Straight Spiral
|
| /
& I
i |
| i
e 1 ] 1 ] ]
T 1
__ 1L
{
] 1
| §
-0.5 0 05 -05 0 05 -06-04-02 0 0204
Y (m) Y (m) Y (m)
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-1.5

L= 15cm; Vi= 2.891m/s

Drop Angle: 45; COM:2
L=12cm; Vi= 3.123m/s

L= 9cm; Vi= 2.953m/s

Slant

T T T
QangL/?uughL

B
.
§

Slant-Spiral

/
|

4

A

46

0.5 -08-06-04-02 0

Y (m)
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-1.5

L= 15cm; Vi= 1.567m/s

Drop Angle: 60; COM:2

L=12cm; Vi=1.708m/s

L= 9%cm; Vi= 1.838m/s

T
Straight

T
Straight;Slant

i 1L | Spiral |
i
! /
1
!
| (
L 1 9 L - _
¥
+
!
f X
-0.5 0 05 -05 0 0.5 -06-0.4-02 0 0.2 0.
Y (m) Y (m) Y (m)
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-1.5

L= 15cm; Vi= 2.935m/s

Drop Angle: 60; COM:2

L=12cm; Vi= 2.963m/s

L=9%cm; Vi= 3.221mfs

Straight

T
Straight

Spiral

‘IL
i
B |
) |
E |
+ 1
i !
i -l' - :_ -]
f /
i
|
-0[5 6 0.|5 -0[5 6 0.I5 -0[5 6 0.I5
Y (m) Y (m) Y (m)
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-1.5

L= 15cm; Vi= 2.709m/s

Drop Angle: 60; COM:2

L=12cm; Vi= 2.546m/s

L=9%cm; Vi= 2.512mfs

Straigh

T
Spiral

i Straight | ] .
| J
%‘
L] _ | i\i\ |
E X
L : _ : ] .
i
;z |
-0l.5 (Il 0.|5 -OI.5 CIJ O.IS -OI.5 CIJ O.IS
Y (m) Y (m) Y (m)
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-1.5

L= 15cm; Vi= 1.835m/s

Drop Angle: 60; COM:2

L=12cm; Vi=1.722m/s

L= 9cm; Vi= 1.942m/s

Straigh Slraighl-S}‘piral Straight-Spiral
- -_ " - - O ]' -
] |
I I Iy ! :
I EF
I | I I ] |
-0.5 0 05 -05 0 05 -05 0 0.5
Y (m) Y (m) Y (m)
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-1.5

L= 15cm; Vi= 3.4m/s

Drop Angle: 60; COM:2

L=12cm; Vi= 3.544m/s

L= 9cm; Vi= 3.607m/s

T
Straight

T
Straight

Spiral

% {
|
|
) I | \ |
|
/
e e [ - /j -]
4
/
-0|.5 0 015 -0[5 6 0.|5 -0|.5 6 0.I5
Y (m) Y (m) Y (m)
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-1.5

L=15cm; Vi= 2.413m/s

Drop Angle: 75; COM:2
L=12cm; Vi= 2.318m/s

L= 9cm; Vi= 2.25m/s

Straight Straight-Spiral Slant
-0.5 0 05 -05 0 05 -08-06-04-02 0 02
Y (m) Y (m) Y (m)

52



-1.5

L=15cm; Vi= 3.315m/s

Drop Angle: 75; COM:2

L=12cm; Vi= 3.209m/s

L= 9cm; Vi= 3.244m/s

Strai gh#l

T
Straight

Sl;pirall

j
\
;
/
a

-0.5

0
Y (m)
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05 -06-04-02 0 0204

Y (m)




-1.5

L=15cm; Vi= 2.671m/s

Drop Angle: 75; COM:2
L=12cm; Vi= 2.417m/s

L= 9cm; Vi= 2.496m/s

T
Straight

| Slraighl-lgpiral

Slraighll-Spiral




-1.5

L= 15cm; Vi= 3.647m/s

Drop Angle: 75; COM:2
L=12cm; Vi= 3.761m/s

L= 9cm; Vi= 3.756m/s

Strai g;[ll

Straight-Spiral

SlraighllSpiral

| f {
1
!
_P
-0|.5 CI) 015 -0|.5 CI) O.IS -0|.5 CI) 0.5
Y (m) Y (m) Y (m)
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-1.5

L= 15cm; Vi= 1.04m/s

Drop Angle: 15; COM:1
L=12cm; Vi=1.118m/s

L= 9cm:; Vi=1.51m/s

Slant

Spiral

2
st
T Ly
g

Straight-Spiral

05 -06-04-02 0

Y (m)

56
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L= 15cm; Vi= 1.059m/s

Drop Angle: 15; COM:1
L=12cm; Vi=1.212m/s

L=9%cm; Vi= 1.709m/s

Slant-Spiral
OF F
g
e
-05¢
Ak
=155
B

Slant-Spiral

y 4
.

g

Spiral

&

%M/F” i, ﬁ/}ﬁzﬁ%

Wﬁﬁwﬁ\%%%:m\w .

-0.8-0.6-04-02 0 02
Y (m)

-06-04-02 0 0O

Y (m)
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-1.5

L=15cm; Vi= 2.332m/s

Drop Angle: 15; COM:1

L=12cm; Vi= 1.8%4m/s

L= 9cm:; Vi= 1.88m/s

T
Slant

Slant

/
7
7
4

7

/

Spiral

Z
/J
-0|.8-0|.6-0|.4-0|.2C|) .|2 1 -0i5 6 -0i5 I 0.|5
Y (m) Y (m) Y (m)
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-1.5

L=15cm; Vi=0

Drop Angle: 30; COM:1
917m/fs L=12cm; Vi= 1.238m/s

L= 9cm; Vi= 1.204m/s

Slant

Slant-Spiral
£ 170 /f/
#
e
e
&
oot
Z

|

LA

Spiral

-0.8-0.6-0.4-0
Y (m)

2 0 02-08-06-04-02 0 02
Y (m)

59

0.6-04-02 0
Y (m)
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L= 15cm; Vi= 1.92m/s

Drop Angle: 30; COM:1
L=12cm; Vi= 1.795m/s

L= 9cm; Vi= 1.984m/s

0_

=155

Slant

Straight;Slant

Spjral

i
\

-0.8-0.6-0.4-0.2 0

Y (m)

2

60

0.5




-1.5

L=15cm; Vi=1.871m/s

Drop Angle: 30; COM:1
L=12cm; Vi=1.778m/s

L=9%cm; Vi=1.771mfs

T
Slant

Slant

/
/

T T
Spiral

/

i

)

)

Y (m)
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-06-04-02 0 0O

Y (m)

2 0.




-1.5

L=15cm; Vi=1.347m/s

Drop Angle: 30; COM:1
L=12cm; Vi= 1.604m/s

L= 9cm; Vi= 1.586m/s

Slraighl-ﬂlmy _I _I Sllam | _I | I.‘Spi;";-ll o
£
=
o
7/
f.,,/
%
3
_ 7 - ;
/
/
/
i {/
;
}f{/ 3
| I B
4 X
-0.8-06-0.4-02 0 02 -1 -0.5 0 -08-06-04-02 0 0.2
Y (m) Y (m) Y (m)
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-1.5

L=15cm; Vi= 3.079m/s

Drop Angle: 30; COM:1
L=12cm; Vi= 2.719m/s

L= 9cm; Vi= 2.98m/s

T
Slant

Slam;[Spiral

Spi;"al

63
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Drop Angle: 45; COM:1

L= 15cm; Vi= 1.46m/s L=12cm; Vi=1.483m/s

L= 9%cm; Vi= 1.553m/s

Slant

Slant

Spiyal

L A
< Wﬁ“\%&\ka* A e

=<
3

<
i




-1.5

L= 15cm; Vi= 2.623m/s

Drop Angle: 45; COM:1

L=12cm; Vi= 2.788m/s

L= 9cm; Vi= 2.74m/s

- T
Slant

T
Slant

/ Slaml-Spiral
1
| | I3
|
" \ . o e \%
-OI.5 CIJ 0.|5 -OI.2 (IJ .|2 0.|4 O.IB O.IB -OI.5 (IJ 0.|5
Y (m) Y (m) Y (m)
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-1.5

L= 15cm; Vi= 2.203m/s

Drop Angle: 45; COM:1
L=12cm; Vi= 2.305m/s

L=9%cm; Vi= 2.397m/s

- é"clml - | SlraighI | T SllanL-‘ISpiral-ll |
/
7
;
| o
;,c’
| 5
_ i Il ;
I 3
| | | _ §
-06-04-02 0 0204 -0.5 0 0.5-0.8-06-04-02 0 0.
Y (m) Y (m) Y (m)
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-1.5

L=15cm; Vi=1.703m/s

Drop Angle: 45; COM:1
L=12cm; Vi= 2.093m/s

L= 9%cm; Vi= 2.033m/s

T T
Slant

| SlrlaighI Slraighi-.‘ipiral #f
! 7
' Z
i
} }{
i [ | L I 7
{
1
-06-04-02 0 0204 -05 0 05 -08-06-04-02 0 0.2
Y (m) Y (m) Y (m)

67




-1.5

Spiral
_ A |
4 ]
A\
{%
05 0 05 -05 0 05 060402 0 020,
Y (m) Y (m) Y (m)

L= 15cm; Vi= 2.945m/s

Drop Angle: 45; COM:1
L=12cm; Vi= 2.803m/s

L=9%cm; Vi= 3.128mfs

T
Slant

T
Slant
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Drop Angle: 60; COM:1
L= 9cm; Vi= 1.946m/s

L= 15cm; Vi= 1.8m/s L=12cm; Vi= 1.865m/s
" Straight Slant-Spiral Spiral
0.5 4 F i s
z
F4
F
ol
N
®
1.5+ 4 F 4 F =
il 4 L o =
"
-0.5 0 05 -06-04-02 0 0204 -08-04-02 0 0.20.
Y (m) Y (m) Y (m)
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L= 15cm; Vi= 2.984m/s

Drop Angle: 60; COM:1
L=12cm; Vi= 3.497m/s

L= 9cm; Vi= 3.289m/s

T
Slant

T
Str.

aigh}

Spiral

i

;?g
g
|

-0.6-04-02 0

Y (m)
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L= 15cm; Vi= 2.912m/s

Drop Angle: 60; COM:1
L=12cm; Vi= 2.929m/s

L= 9%cm; Vi= 2.932m/s

| Slant | o Slll'aiglll o Slraigl'lll-.‘a'piral I
i
-0.5F - ! &
Ak . e
§
=155 - - %
\ %E
SO o
A\ /
-0.5 0 05 -06-04-02 0 0204 -05 0 0.5
Y (m) Y (m) Y (m)
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-1.5

L=15cm; Vi= 2.415m/s

Drop Angle: 60; COM:1
L=12cm; Vi= 2.494m/s

L=9cm; Vi= 2.479m/s

T
Straight

Slant | Slrlaighll-Spliral |
i
b 1_ o - —
sﬁ
\ ¥
£
Z
i
7
],!
-04-02 0 020406 -0.5 0 05-0.8-06-04-02 0 02
Y (m) Y (m) Y (m)
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L= 15cm; Vi= 3.568m/s

Drop Angle: 60; COM:1
L=12cm; Vi= 3.686m/s

L=9cm; Vi=3.71m/s

=155

Sl?m

T
.?‘Iam

T T T T
Straight-Slant

0.5

-0.4-0

2 0 020406

Y (m)

73

-0.6-0.4-02 0
Y (m)
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-1.5

L= 15cm; Vi= 2.358m/s

Drop Angle: 75; COM:1

L=12cm; Vi= 2.484m/s

L=9cm; Vi= 2.428m/s

| Slraig?l | | Straight | | Slraighll-SpiruI |
:
+- ;
T 1
1
i §R
3
| X
| gf
t ®
| i
-0.5 0 05 -05 0 05 -05 0 0.5
Y (m) Y (m) Y (m)
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-1.5

L=15cm; Vi= 3.238m/s

Drop Angle: 75; COM:1

L=12cm; Vi= 3.351m/s

L= 9cm; Vi= 3.275m/s

Slraighll-.‘ipiral

Slraiglﬂ Straight
|
|
*i
| &
I 11 11 ®
T
T,
\\E
| ?
] R
| i -_ I %
-0.5 0 05 -05 0 05 -05 0 0.5
Y (m) Y (m) Y (M)
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-1.5

L=15cm; Vi= 3.815m/s

Drop Angle: 75; COM:1

L=12cm; Vi= 3.908m/s

L=9%cm; Vi= 4.014m/s

Slraigl]ll

/%

Slraighlfpiral

f

Slant-Spirgl

I I | 1L /
J- ;
A S I
' g
1 7
: /
/‘»./
F
/
f
- - 178
-0|.5 CIJ 0.|5 -0|.5 CIJ 0.|5 -OI.B-OI.B-OI.4-OI.2 (IJ O:2
Y (m) Y (m) Y (m)
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Drop Angle: 15; COM:0

9cm; Vi= 1.52m/s

L=

12cm; Vi= 1.563m/s

L=

15cm; Vi= 1.375m/s

L=

Flat-Seesaw

fﬁf
H
it PR M A 114 ORIy

—
o
&

Ny
W
I P St 411

Seesaw

Y

%% e %%%éf%%k\\\%%%

%%%/@%

-0.5F

=155

-0.6-0.4-0.2 0 0204 -0.6-0.4-0.2 0 0204

-0.6-0.4-0.2 O 0204

Y (m)

Y (m)
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L=15cm; Vi= 1.918m/s

Drop Angle: 15; COM:0

L=12cm; Vi= 2.102m/s

L=9%cm; Vi= 1.657m/s

| | gees;\-x-' |
Or //;fj/
=
05} :§
e
%=
&
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0
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1.5+ :\\%\
B
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3. }/é
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Seesaw

T T T T T T T T
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SRR I H N Y A0 R

-0.8-06-04-02 0 0
Y (m)
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-0.6-0.4-0
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L= 15cm; Vi= 1.384m/s

Drop Angle: 15; COM:0

L=12cm; Vi= 1.893m/s L= 9cm; Vi= 1.555m/s

-1.5

Seesaw

%W%W%&\%\%%%W%;
f

RN

RS

T
Seesaw

PR WM#HHH\%%\W&W%
i
Mg

Flat-Seesaw

£

A SN HI NN "
X

-0.6-04-02 0 O
Y (m)

2 0.

-06-04-02 0 0204 -0
Y (m)
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L=15cm; Vi= 2.18m/s

Drop Angle: 15; COM:0
L=12cm; Vi= 2.175m/s

L= 9cm; Vi= 2.52m/s

S ]—‘lall o | Spiral-éeesaw | | SpiraI-Sleesaw
of j/ - -
o=
e
S \
0.5} § - - %;
== 5
== i
= b
b g
= | *f
4 = B 8 Il !
=E k- :
= !
== %
== i
= % :
48 IF i 2 il i
= / :
= % :
= ¢ ;
=+ %
4=
ot %: L 1 2 g ]
Y
o=
-0.8-06-04-02 0 0.2 -0.5 0 -0.5 0 05
Y (m) Y (m) Y (m)
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Drop Angle: 30; COM:0

9cm; Vi=1.028m/s

[B—

12cm; Vi= 0.812m/s

L=

15ecm; Vi= 0.573m/fs

L=

N RS I PRI g AR ey by £4 ]

2 %
S m————————

7%%%%%&%%?? S %&éﬁ%%

Seesaw

-0.5F
1

-1.5}F
2

05 -06-04-02 0 0204

0
Y (m)

-0.5

-0.6-0.4-0.2 O 0204

Y (m)
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-1.5

L=15cm; Vi=1.791m/s

Drop Angle: 30; COM:0

L=12cm; Vi= 1.964m/s

L= 9cm; Vi= 1.836m/s

Wy -

iy

AR

Flat-Spiral

%M

Flat-Spiral

/

W——
+H++++++‘f‘?éf#/

%
i
i
i i I :
i
F
{ 1
B 1 T * = e ¥
3 :
| | | 1 1 1 1 +| 1 1 1 ::‘— ]
-06-04-02 0 020, -05 0 05 -05 0 05
Y (m) Y (m) Y (m)
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-1.5

Drop Angle: 30; COM:0
L= 15cm; Vi= 1.289m/s L=12cm; Vi=1.672m/s

L= 9%cm; Vi= 1.828m/s

Flat-Spiral Flat-Spiral
st 1 r

£
S
j

R o o
Hp My,

T R TR

Fla L-?piral

#
sttt
P o IUNIFRIPIRS, Ll b H+-F+++++i—|‘+++++

=
B = 4 L
| 1 % | | | | | 1 |
-06-04-02 0 02 0.408-06-04-02 0 0.2
Y (m) Y (m)
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Drop Angle: 30; COM:0

L=15cm; Vi= 1.07m/s L=12cm; Vi=1.479m/s L= 9cm; Vi= 1.569m/s

Flat Flat-Spiral Flat-Spiral

Or == 1T 1T
5=
=
= =
=
= 1

At = 1F 3 1t =
= =S 7
= = 1
= % t

T I A
== e
= 3 i
= A\ =
* §§ x
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2| Z 1L 3 I % |
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i e
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Drop Angle: 30; COM:0

L= 15cm; Vi= 2.28m/s L=12cm; Vi= 2.658m/s

L= 9cm; Vi= 2.446m/s

0 Spiral-Seesaw Sprial-Flat-Sgesaw Flat
!
\
05+ f// 4 F . LY
e *
E %
3
+§ T
15} L 1 F -
- ;
B ; & B . 1 .
% i
* :
-0.8-06-0.4-02 0 02 -06-04-02 0 0204 -05 0 0.5
Y (m) Y (m) Y (m)
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L= 15cm; Vi= 2.026m/s

Drop Angle: 45 COM:0

L=12cm; Vi= 1.376m/s

L= 9cm; Vi= 1.563m/s

Flat-Spiral

:

T T
Spiral-Seesaw

T e

L ook ek et P .
%

-0.8-0.6-0.4-02 0 0
Y (m)

2

-06-04-02 0 0O

Y (m)
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-1.5

L=15cm; Vi= 2.783m/s

Drop Angle: 45 COM:0
L=12cm; Vi= 2.348m/s

L=9%cm; Vi= 2.273m/fs

l—']aL-Spi/lzm
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L= 15cm; Vi= 2.254dm/s

Drop Angle: 45 COM:0
L=12cm; Vi= 1.841m/s

L=9%cm; Vi= 2.123m/s

I.'Slrali;:rhl-l]—‘laLl-Spilral
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L= 15cm; Vi= 2.847m/s

Drop Angle: 45 COM:0
L=12cm; Vi= 2.675m/s

L= 9cm; Vi= 2.956m/s

T T T T T T
Seesaw

Straight-Flat-Spiral
0 -
-0.5¢
Ak
-1.5¢ £
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Drop Angle: 60; COM:0

L= 15cm; Vi= 1.422m/s L=12cm; Vi= 1.588m/s L= 9cm:; Vi=1.79m/s

T T T T T T
Spiral-Seesaw

T T T T T 1 T T
Straight-Seesaw Straight-Flat
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Y (m) Y (m)

o I o e
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L= 15cm; Vi= 3.362m/s

Drop Angle: 60; COM:0
L=12cm; Vi= 3.347m/s

L= 9cm; Vi= 3.654m/s

Sl;"aighl-Spirl'- I-Seesaw Sll‘i:lligl‘lll.-spill‘al-.Ijﬁiﬁ.‘il‘d\\-’ ISlra-llighll-Flai |
0_ & o o L.
/
051 1 r A
7 i
z {
Al Il £ I
{ :
¥ 5
z =<
15f 1t 5 4 i =5
§ -
i =
20 4+ A e "__.':_
| 2
-0.5 05-08-06-04-02 0 02 -06-04-02 0 020
Y (m) Y (m)

91




L=15cm; Vi= 3.001m/s

Drop Angle: 60; COM:0

L=12cm; Vi= 3.025m/s

L=9%cm; Vi= 3.128mfs

-1.5

Sllraig'hl-Slpirai-Seésaw[
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Drop Angle: 60; COM:0

L= 15cm; Vi= 2.634m/s

L=12cm; Vi= 2.693m/s
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-1.5

L= 15cm; Vi= 2.26m/s

Drop Angle: 60; COM:0

L=12cm; Vi= 2.189m/s

L= 9cm:; Vi= 2.35m/s
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Drop Angle: 60; COM:0
L=15cm; Vi=3.471m/s L=12cm; Vi= 3.464m/s L= 9cm; Vi= 3.698m/s
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0_

Drop Angle: 75; COM:0
L= 15cm; Vi= 1.403m/s
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-1.5

Drop Angle: 75; COM:0

L= 15cm; Vi= 1.5m/s

L=12cm; Vi= 3.934m/s

L= 9%cm; Vi= 4.155m/s
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-1.5

L= 15cm; Vi= 1.553m/s

Drop Angle: 30; COM:-2
L=12cm; Vi=1.278m/s

L= 9%cm; Vi= 1.415m/s
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Flip-Straight

L= 15cm; Vi= 2.39m/s

Drop Angle: 30; COM:-2

L=12cm; Vi= 2.507m/s
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L=15cm; Vi= 2.332m/s

Drop Angle: 45; COM:-2
L=12cm; Vi= 1.996m/s

L=9%cm; Vi= 2.271m/s
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Drop Angle: 45; COM:-2

L= 15cm; Vi= 2.874dm/s

L=12cm; Vi= 2.977m/s
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-1.5

L= 15cm; Vi= 1.552m/s

Drop Angle: 30; COM:-1

L=12cm; Vi= 1.828m/s
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]~‘l|ip-SlLraii_th |

F]ip-SlI&II“Il

e
oo
""-.h
&
iy
i
y

T T T T T T T
Straight-Flip-Seesaw

-

SRR i ##ﬁ(

-0.6-04-02 0 02 0.

Y (m)

102

05 -06-04-02 0 0204
Y (m)



-1.5

L= 15cm; Vi= 2.307m/s

Drop Angle: 30; COM:-1
L= 12cm; Vi= 2.448m/s

L= 9cm; Vi= 2.258m/s
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L= 15cm; Vi= 3.006m/s

Drop Angle: 45; COM:-1
L=12cm; Vi= 3.224m/s

L= 9cm; Vi= 3.03m/s
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-1.5

L= 15cm; Vi= 2.339m/s

Drop Angle: 45; COM:-1
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-1.5

L= 15cm; Vi= 2.961m/s

Drop Angle: 60; COM:-1
L=12cm; Vi= 2.789m/s

L= 9cm; Vi= 2.942m/s

Flip-Straight
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L= 15cm; Vi= 3.359m/s

Drop Angle: 60; COM:-1
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APPENDIX B. HISTOGRAM PLOTS

Appendix B contains dl of the hisogram plots that were derived from the last
recorded data point. The data tables used for histogram production are found in Appendix
D. The histograms are broken down by mine length and non-dimensiond COM position.
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Impact Angle Fraquancy for COM = 0007, Length = 15zm
:" - . T T

L I.‘L

20 40 B0 B0 100 120 140 18
Impact Anghe Grouped in 5° Bins

£ th

Fragquensy of Decumence
&4

0 180

[ =]

Irmpact Angle Frequency for COM = O; Length = 15em
T T T T T T T

Fraguency of Oooumancs
ra
T

] 20 40 G0 B0 100 120 1440 160 180
Impasct Angle Grouped in 5° Bins

110



Impact Angle Freguency for COM = -0.087; Length = 15em
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Impect Angle Frequency for SOM = 0,159; Length = 12cm
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Imgact Angle Fraquency for COM = O; Length = 12cm
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Imnpsact Angle Freguency for COM = -0.159; Lengih = 12cm
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APPENDIX C. IMPACT POINTS

Appendix C contains al of the x-y plane impact points. The impact points are
derived from the ming€s volumetric center x and y coordinates and is presented in three
columns and five rows. The columns correspond to mine length, while the rows represent
the COM postions beginning with postion 2 to podtion -2. There are two sets of plots,
one for dl drop angles and another set for each drop angle. Each of the individud plots is
assigned a symbol based upon the mines M. The velocity ranges used are in m/s and are
provided in the legend below:
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Y (non-dimensional) Drop Angle

2
-4
-6
-8

-10

3
-4
-6
-8

1
'y
o

-2
-4
-6
-8

L
=)

s,
-4
-6
-8

-10

2
-4
-6
-8

-10

Impact Points for L/D = 3.75

Impact Points for L/ID = 3

Impact Points for L/D = 2.25

COn: 0,194

..................  —
8

COM: 0,158

COM: 012

COmM:0.097

COM: 0.08

__________________ ey

COM: 0.06

Com: 0

Com: 0

Com: 0

COM:-0.194

__________________ —

O

CON: -0.159

__________________ —

-

COn:-0.12

COM:-0.097

COM: -0.08
O

.................. -

=4

COM: -0.06

I

O

4 -2 0 2 4 %

4 -2 0 2 4 86
X (non-dimensional)

120

-4 -2 0 2 4 6



= 45°
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= 60°
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= 75°
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APPENDIX D. IMPACT DATA TABLES

This gppendix contains dl of the impact point data used in the multiple linear
regresson caculations, impact angle hisograms and impact point scatter plots. The last
recorded point was considered to be the point a which the mine moved outsde of the
background grids boundaries. The fird four columns are the input parameters, t
represents time and the last seven columns are the output parameters. The data has been
organized by drop angle, decreasng mine length and decreassng COM postion. All of

the data contained has been made non-dimensiond by the conversons listed earlier.

ang| L/D Vind COM t Xm ym zm Psi u Vi w
15| 3.75 2.708 194 482 0.10 -1.29 -14.03 169.6 0.09 0.07 -1.38
15| 3.75 1.467 194 53.2 -1.29 -3.82 -13.50 179.1 0.00 0.04 -1.59
15| 3.75 2.346 194 47,0 -0.55 -2.54 -14.15 180 0.04 -0.04 -1.73
15| 3.75 3.261 194 48,2 0.85 -1.20 -13.93 177.9 0.05 0.04 -1.36
151 3.75 2.847 194 482 -0.30 -1.45 -14.01 176.9 -0.05 0.05 -1.32
15] 375 1286 097 618 -1 67 075 -14.48 126 8 -035 040 -084
15] 375 131 097 532 -349 -2 79 -9.30 1378 -0 62 -0 22 -104
15] 3758 2884 097 445 -341 -410 21124 1323 -0 6A -0 05 2111
15| 3.75 1.711 000 120.0 1.17 -1.81 -14.91 69 0.00 -0.13 -0.60
15| 3.75 1.705 000 108.8 0.04 -0.12 -15.01 93.3 -0.09 -0.13 -0.62
15| 3.75 2.696 000 103.9 -1.14 -2.95 -14.73 90 -0.09 0.00 -0.73
15| 375 2.372 000 107.6 0.79 -2.35 -14.92 94.3 0.05 -0.13 -0.77
15 3 1.555 159 46,5 0,92 -1.61 -17.37 163.7 0.05 0.58 -1.33
15 3 2.121 159 53.1 -0.09 0.06 -17.95 169.7 -0.05 0.21 -1.59
15 3 3.054 159 54.2 2.99 -1.52 -17.88 169.2 0.10 0.21 -1.55
15 3 1.601 159 487 -0.30 1.12 -16.74 167.7 0.00 0.30 -1.28
15 3 1.34 080 73.0 493 0.16 -18.36 144.8 0.15 0.40 -091
15 2 1237 080 741 -4 88 -039 21617 144 9 -035 -005 -091
15 3 2 095 080 708 -0 09 -9 00 21748 1357 -015 -0 54 -091
15 3 1729 000 995 -045 -1 80 -1904 an -030 010 -0 69
15 3 2 406 000 818 033 176 -18 57 1416 010 015 -091
15 3 2.325 000 83.0 -1.98 -2.53 -17.45 115 -0.05 0.05 -0.72
15 3 2.094 000 929 112 -2.84 -18.61 90 0.10 0.00 -0.86
15 3 2.475 -.159 57.5 -2.84 -3.12 -17.59 11 0.25 0.00 -1.40
15| 2.25 1.448 120 48,9 0.16 -0.86 -24.79 163.6 0.00 -0.34 -1.64
15| 2.25 2.296 120 51.7 1.90 3.23 -23.47 160.5 0.23 0.13 -1.59
15| 2.25 2.572 120 55.6 2.00 4,32 -24.31 145 0.46 0.53 -1.32
151 2.25 1.647 120 479 0.02 1.05 -23.09 155.5 0.00 -0.29 -1.11
15| 2.25 1.446 060 56.5 -4,92 -1.31 -23.66 128.1 0.40 -0.34 -0.80
151 228 1637 060 718 329 =115 2536 606 -0 69 -0 06 071
15] 228 1801 060 680 -010 123 2437 135 5 000 -0 068 -091
15] 2258 1.489 000 699 -091 254 2473 29 017 -0 06 -100
15] 225 1587 000 690 -093 -325 -24 70 129 6 -028 -023 -128
15| 2.25 2414 000 69.9 0.48 -0.10 -25.01 93.6 0.00 011 -0.85
15| 2.25 1.456 000 69.0 1.71 -3.10 -24.79 84,6 -0.05 -0.23 -0.74
151 2.25 2.126 -.120 53.6 3.65 -5.41 -23.69 9 0.23 0.00 -1.39
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ang| L/D Vind COM i Xm ym zm Psi u v W

301 3.75 2.574 194 45,8 0.08 -1.72 -13.93 172.9 0.04 0.04 -1.44
301 3.75 2.855 194 48,2 0.02 -1.35 -14.15 176.4 -0.05 0.34 -1.45
301 3.75 1.886 194 495 0.01 -3.12 -14.36 177.4 0.00 -0.31 -1.26
301 3.75 1.538 194 51.9 -0.06 -4,11 -14.17 178 0.00 0.13 -1.39
301 3.75 1.426 194 54.4 -0.46 -4,04 -14.66 173 0.05 0.05 -1.37
30| 375 3807 097 655 2138 207 -14 66 132 6 031 022 -084
30| 375 2314 097 556 -132 -6 05 21375 134 5 000 -0.40 -084
201 375 2374 097 470 -139 -339 -13.70 1757 000 -013 -130
301 3.75 1.666 097 74.2 423 -5.13 -14.35 1445 031 -0.22 -097
301 375 1.134 097 58.1 -3.62 -4,75 -9.78 133.9 -0.27 -0.05 -0.93
301 3.75 2.819 000 100.2 -0.86 -2.54 -14.49 86.6 0.05 0.00 -0.73
301 3.75 2.215 000 107.6 013 -2.37 -14.80 64.8 0.09 -0.09 -0.84
301 3.75 1.323 000 111.3 -0.57 -1.19 -15.16 91.6 -0.05 -0.04 -0.66
301 375 1.594 000 113.8 -0.51 -1.19 -15.07 90 031 -0.05 -0.62
301 3.75 0.709 000 1101 -1.01 -0.83 -15.09 109.3 -0.09 -0.05 -0.55
301 3.75 2.853 -.097 66.8 -3.76 -4,75 -12.69 41,8 -0.22 -0.35 -0.77
30| 375 1.919 - 097 631 -370 -0 80 =12 42 29 2 -0.05 005 -097
30| 375 2 955 -194 581 068 -2 83 21428 21 000 009 -130
30| 375 192 -194 569 -0 57 -238 -14 20 Q 000 000 -150
30 3 3.013 159 54.2 2.66 0.21 -18.13 1731 -0.10 -0.21 -1.25
30 3 1.981 159 48,7 2.53 -1.40 -17.75 1752 0.15 -0.08 -1.68
30 3 2.16 159 46,5 -0.82 -1.71 -17.20 146.9 -0.20 -0.35 -1.21
30 3 1.689 159 509 0.18 0.07 -18.23 1447 0.10 0.45 -094
30 3 1.392 159 55.3 1.74 -5.54 -17.78 166 0.10 -0.20 -1.21
30 3 3.007 080 68.6 5.55 2.08 -17.93 138.5 0.40 -0.30 -0.89
30 3 1.966 080 65.3 -0.68 -7.87 -17.51 130.3 0.20 -0.10 -0.99
30 3 1.985 080 53.1 0.36 0.52 -18.10 128.4 0.10 0.35 -0.94
30 3 1.774 080 675 -0.15 -8.05 -17.69 1419 -0.15 -0.64 -1.46
20 3 1 369 080 763 521 -0 09 -18 59 1313 020 050 -096
20 3 294 000 84 1 046 -0 83 -18 30 615 -020 -015 -084
20 i} 2172 000 84 1 272 -1.01 -18 22 an 000 005 -0 69
30 3 1.849 000 87.4 0.48 -3.21 -18.36 109.4 0.05 0.00 -0.67
30 3 1.636 000 929 031 -3.48 -18.51 66.5 0.05 0.05 -0.62
30 3 0.898 000 97.3 0.86 -1.64 -18.97 90 0.10 -0.10 -0.74
30 3 2.707 -.080 59.7 1.58 -1.24 -18.48 7.4 0.05 -0.15 -1.21
30 3 2.022 -.080 76.3 3.42 2.38 -18.74 50.2 0.05 0.35 -0.84
30 3 2.773 -.159 58.6 1.59 -3.08 -18.26 94 0.05 0.00 -1.46
30 3 1.413 -.159 58.6 -0.04 -4,58 -17.45 2 0.00 -0.15 -1.33
301 2.25 2.63 120 45,0 -1.27 -2.22 -23.35 171.4 -0.17 0.29 -1.48
30| 2928 2106 120 517 022 232 24 83 133 -051 -010 2133
30| 2258 1.496 120 498 -016 075 -24 21 162 -023 051 2122
30| 225 1207 120 508 -014 -0 85 -24 71 142 7 040 028 2114
301 2.25 1.075 120 48,9 0.18 -1.79 -24.58 1451 -0.12 -0.23 -1.14
301 2.25 2.854 060 67.1 3.61 0.54 -25.02 137.8 0.00 -0.23 -0.80
301 2.25 1.9 060 66.1 -2.22 2.02 -24.14 1305 -0.12 0.40 -0.86
301 2.25 1.696 060 60.3 -2.44 -2.10 -24.06 1211 -0.40 -0.17 -091
301 2.25 1.519 060 61.3 -4.78 -4,90 -24.13 124.6 -0.17 0.06 -1.00
301 2.25 1.153 060 709 -1.81 -3.35 -24.07 132.2 -0.,40 0.00 -091
301 2.25 2.343 000 709 -0.42 0.57 -25.46 100.2 0.00 0.05 -1.03
301 2.25 1.759 000 69.0 0.46 1.98 -25.11 1041 0.00 0.00 -0.86
301 2.25 1.751 000 67.1 -0.28 0.95 -24.86 945 0.00 012 -1.14
30| 2258 1503 000 680 030 060 2547 924 012 -023 -1 06
30| 225 0985 000 728 048 =204 24 72 945 -034 -017 -103
201 225 2 163 - 060 651 121 -314 24 73 368 034 -034 -097
301 2.25 1.738 -.060 63.2 -4.17 -0.14 -25.06 54,9 -0.40 0.00 -091
301 2.25 2.197 -.120 53.6 2.98 -1.23 -24.65 99.8 0.00 0.68 -1.28
301 2.25 1.355 -.120 52.7 0.50 -0.16 -24.97 11.8 0.34 0.12 -1.34
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45] 375 3,575 194 50.7 012 0.32 -14.26 172.3 0.00 0.09 -1.13
451 3.75 3.319 194 51.9 -0.20 0.38 -14.59 167.7 0.35 0,22 -1.15
451 3.75 2.758 194 47.0 -0.24 -1.35 -14.32 167.8 0.00 0.05 -1.48
45] 375 2.265 194 48,2 -0.04 -1.08 -14.51 167.9 -0.05 0.13 -1.35
45] 375 1.642 194 48,2 -0.49 -2.04 -14.36 175.6 -0.09 -0.09 -1.50
45] 375 3 (42 097 606 =142 208 21448 1228 -013 035 -073
45] 375 3243 097 544 -0 56 058 -14 36 1342 -027 049 -082
45] 375 2724 097 482 006 -0 32 -14 11 168 -005 013 2124
451 3.75 2.106 097 47.0 -0.64 -1.64 -14.33 1745 -0.05 -0.05 -1.41
451 3.75 1.805 097 61.8 1.64 -6.38 -14.00 135.8 0.35 -0.49 -1.10
45] 375 3.52 000 81.6 -2.60 -2.35 -14.29 82.2 0.09 0.00 -0.71
45] 375 3,441 000 79.1 0.49 0.21 -14.64 132.8 0.05 0.13 -0.66
451 3.75 2.787 000 48 2 -1.10 -3.50 -13.99 150.8 -0.00 0,04 -1.37
451 3.75 2.505 000 96.5 -0.89 -2.92 -14.60 110.7 0.00 0.49 -0.69
45] 375 3.717 -.097 63.1 -3.73 -2.57 -11.97 44,8 -0.13 -0.40 -0.95
45] 375 2.892 -.097 66.8 -2.68 -0.35 -12.99 27.5 -0.18 0.31 -0.95
45] 3758 3554 -194 581 188 -3 62 21414 14 004 005 203
45] 375 2884 -194 594 068 -2.39 =14 49 32 009 005 2117
45 3 3454 159 531 009 150 -17 46 176 7 -005 010 -128
45 3 2.93 159 47,6 -0.60 -1.55 -17.91 173.6 -0.10 0.00 -1.36
45 3 2.544 159 46,5 013 -0.97 -17.33 1701 0.05 -0.25 -1.53
45 3 2.031 159 46,5 013 -1.07 -17.35 170.2 0.35 0.30 -1.19
45 3 1.731 159 49,8 0.15 0.00 -17.86 160.5 0.00 0.25 -1.31
45 3 3.084 080 675 2.84 467 -17.98 132.4 0.45 0.20 -0.82
45 3 3.1 080 68.6 -2.75 2.99 -18.02 136.9 -0.15 0.25 -0.84
45 3 2.549 080 48,7 0.94 -1.27 -18.00 176.2 0.30 0.10 -1.46
45 3 2.315 080 67.5 -4,29 2.29 -18.08 139.9 -0.69 0.15 -0.81
45 3 164 080 6R 6 -357 -774 21743 1816 -015 025 -091
45 3 3564 000 852 -0 36 042 -18 67 1135 005 -0 05 -0 59
45 3 2 959 000 852 -007 -004 -18 62 502 005 000 074
45 3 2.597 000 55.3 0.28 -3.60 -18.65 92.7 -0.05 -0.05 -0.74
45 3 2.036 000 b5.3 -3.16 -2.46 -18.30 82.1 0.00 0.15 -0.52
45 3 1.522 000 88.5 -0.58 -2.68 -18.30 80 0,55 0.05 -0.54
45 3 3.566 -.080 76.3 6.18 -5.69 -18.27 53.6 0.40 -0.35 -0.79
45 3 2.722 -.080 69.7 -1.68 -4.64 -18.25 40,1 -0.05 -0.45 -0.79
45 3 3.293 -159 b4.2 -1.41 -4,36 -16.93 52 -0.05 0.10 -1.26
45 3 2.208 -.159 57.5 -0.05 -2.53 -18.07 11.6 0.05 -0.10 -1.14
451 2.25 2.828 120 50.8 1.37 -5.20 -23.77 1449 0.28 0.17 -1.40
451 2.25 2.402 120 51.7 -4,19 -4,13 -23.86 140.4 012 -0.12 -1.20
45] 228 2147 120 408 -0 48 -399 2343 1531 0058 012 2131
45] 2258 1746 120 517 -4 37 -3 87 2357 149 000 051 2151
45] 225 1557 120 508 008 272 2415 1511 -012 006 -094
45] 2.25 2.996 060 65.1 -3.37 -2.84 -23.39 144.3 0.00 017 -0.68
451 2.25 2.624 060 575 0.63 2.06 -24.93 1475 0.40 0.00 -1.20
451 2.25 2.296 060 62.3 -2.04 -4,17 -24.32 141 -0.17 0.12 -097
451 2.25 1.947 060 52.7 -3.27 -5.75 -23.56 1445 0.05 -0.34 -1.05
45] 2.25 1.488 060 66.1 2.82 0.26 -24.43 124.6 0,34 -0.12 -0.74
451 2.25 3.289 000 60.3 0.50 -3.99 -24.27 79.2 0.23 0.12 -0.85
451 2.25 2.831 000 65.1 0.00 -5.85 -24.11 107 -0.17 0.12 -1.17
451 2.25 2177 000 60.3 0.56 -2.72 -24.74 88.6 0.00 0.00 -1.06
45] 225 2033 000 613 151 -2 86 -24.90 779 012 -0 06 -094
45] 2258 1.497 000 632 -0 99 -2 96 -23 96 1434 -012 000 -094
45] 225 2902 - 060 64 2 129 -2 50 -23 80 345 017 -017 -063
451 2.25 2.22 -.060 60.3 -0.30 -0.65 -22.83 37.8 0.23 -0.12 -1.14
45] 2.25 2.773 -.120 52.7 -1.90 -0.95 -24.51 26.6 0.06 011 -1.31
451 2.25 2.175 -.120 51.7 -1.55 0.26 -23.37 38.3 0.63 0.40 -1.03
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601 3,75 4,204 194 445 -0.11 -0.56 -13.79 177.3 0.18 -0.09 -1.10
601 3.75 3.629 194 433 017 -0.71 -13.62 176 -0.09 0.05 -1.26
601 3.75 3.35 194 47,0 -0.39 -0.33 -14.29 175.4 -0.22 0.09 -1.46
601 3.75 2.269 194 45,8 -0.02 -0.86 -14.01 1749 0.00 0.27 -1.66
601 375 1.938 194 470 000 -0 93 21453 1718 000 000 =148
601 375 4412 097 556 061 193 -14.44 1331 013 031 -075
601 375 369 097 532 -077 166 -1420 1328 018 062 -073
601 375 3.601 097 b4.4 -0.33 161 -14.60 1245 027 0.40 -0.80
601 3.75 2.986 097 594 0.52 2.35 -14.64 1388 0.05 0.40 -0.73
601 3.75 2.226 097 47,0 -0.18 -0.70 -14.23 178.2 0.05 0.00 -1.50
601 3.75 4,292 000 69.3 0.73 1.24 -14,57 129.3 027 -0.09 -0.57
601 375 3.711 000 85.3 -1.64 -1.01 -14.33 722 0.00 -0.00 -0.53
601 3.75 3.257 000 66.8 -0.88 1.66 -14.45 1315 -0.44 0.09 -0.53
601 3.75 2.795 000 59.4 -1.33 0.83 -14.83 86.5 -0.13 0.22 -0.53
601 3.75 1.758 000 96.5 -0.54 -2.45 -14.40 90.7 013 -0.27 -0.44
601 375 41587 000 54 017 =110 14 77 1044 008 -040 042
601 375 4154 - 097 631 -337 -233 -12 82 216 -005 -018 -104
601 375 3 661 - 097 631 291 -233 -13. 46 52 071 -018 2104
60 3 3.92 159 44,2 027 -1.15 -17.72 169.5 0.30 0.15 -1.09
60 3 3.277 159 46,5 0.02 -0.18 -17.63 158.1 -0.05 0.10 -1.14
60 3 2.816 159 46,5 -0.02 -1.28 -18.07 159 0.00 -0.05 -1.36
60 3 1.905 159 48,7 021 -0.69 -18.21 160.3 -0.10 -0.05 -1.38
60 3 1.889 159 48,7 0.00 0.51 -18.04 167.7 0.05 0.05 -1.28
60 3 3.868 080 46,5 -0.21 -2.29 -17.57 159.1 -0.25 0.05 -1.46
60 3 4077 080 575 3.01 3.07 -17.95 136.3 0.59 0.40 -1.01
60 3 3.239 080 47,6 -0.88 -1.88 -18.01 146.6 -0.30 -0.15 -1.16
60 3 2 758 080 47 6 -101 -0 83 -17 55 1712 0158 015 2121
60 3 2 063 080 498 -0 66 -2 56 -1804 141 -015 -030 -119
60 3 3 831 000 796 -010 115 -17.79 1392 000 -025 -0 69
60 3 3,346 000 785 -0.63 1.49 -18.50 89 -0.05 -0.20 -0.84
60 3 2.978 000 487 -0.39 -2.74 -18.11 131.5 -0.40 -0.65 -0.74
60 3 2.421 000 73.0 -4,18 -0.69 -18.35 2.7 0.00 0.05 -0.72
60 3 1.756 000 84,1 2.53 1.15 -18.32 124.8 -0.25 0.05 -0.79
60 3 3,702 000 774 0.60 -2.69 -17.70 128.1 -0.20 -0.05 -0.49
60 3 4,196 -.080 65.3 0.07 -4,.79 -17.83 44 2 0.00 -0.59 -0.89
60 3 3.085 -.080 61.9 -4.58 -1.90 -16.24 53.4 -0.45 -0.74 -0.83
601 2.25 3.455 120 44,1 0.04 -1.43 -24.20 146.3 0.00 -0.29 -1.22
601 225 3085 120 46 0 -137 -1.90 2413 1541 -0 28 -012 -128
601 225 2 406 120 46 9 -083 054 -24 31 157 040 -0 068 -137
601 225 176 120 527 028 252 -24 50 134 4 000 034 2114
601 2.25 1.86 120 47,9 1.37 -1.55 -24.43 160.3 0.28 0.06 -1.43
601 2.25 3.554 060 49,8 -1.55 -2.74 -24.16 141.3 011 -0.40 -1.03
601 2.25 3.15 060 65.1 -0.34 -1.57 -24.04 141.3 -0.63 -0.12 -0.88
601 2.25 2.808 060 575 3.87 1.07 -24.57 1231 0.00 -0.45 -091
601 2.25 2.374 060 59.4 -0.28 -3.81 -23.90 1471 0.28 0.57 -0.77
601 2.25 1.864 060 709 -0.75 -2.06 -24.12 139.4 0.06 011 -1.00
601 2.25 3.5 000 62.3 -2.02 -1.65 -23.98 1025 012 0.12 -1.17
601 2.25 2.996 000 63.2 1.90 -2.22 -24.86 72.6 0.06 0.00 -097
601 225 26 000 613 183 006 -24 59 366 006 023 -106
601 225 2251 000 623 190 -3 87 -24 55 617 000 006 -094
601 225 1715 000 613 -111 -323 -24 39 772 -023 -012 -097
601 2.25 3.542 000 60.3 -2.08 -1.01 -23.83 1457 -0.06 0.00 -1.03
601 2.25 3,649 -.060 66.1 -1.11 -3.10 -24.04 54,5 -0.17 0.12 -0.74
601 2.25 2.818 -.060 66.1 -2.00 0.32 -24.64 58.1 -0.11 0.00 -1.00
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751 3.75 451 194 42,0 -0.01 -0.69 -14.17 178.7 0.00 0.04 -1.17
751 3.75 4,099 194 42,0 -0.13 -0.71 -14.29 177 -0.04 0.18 -1.50
751 375 2.984 194 458 0.20 -0.01 -14.50 176.9 -0.05 0.05 -1.17
Z81 378 3303 194 420 002 0587 -1364 1771 =009 004 =131
751 375 4717 097 408 -0 06 -1.16 -13 65 172 4 -005 -0.09 -1 52
751 375 4004 097 42 0 -004 -126 -13 46 178 2 022 -004 -120
751 3,75 2.916 097 458 0.00 -1.16 -14.46 1755 -0.13 0.05 -1.19
751 3.75 1.735 000 68.0 -1.02 0.42 -14.35 100.2 0.09 -0.49 -0.64
751 3.75 1.855 000 79.1 -0.58 1.58 -14.27 1283 0.35 0.40 -0.80
75 3 416 159 45,4 -0.31 -0.92 -17.76 161.2 0.20 -0.10 -1.21
75 3 3.549 159 442 0.02 -0.92 -17.66 1745 -0.05 0.00 -1.33
75 3 2.564 159 46,5 0.30 -0.22 -17.98 165 -0.10 -0.05 -1.38
75 3 2.673 159 48,7 -0.16 -0,40 -18.05 157.6 0.40 -0.15 -1.16
75 3 4322 080 465 =122 -107 -17.99 1659 020 -0 05 -128
75 3 3706 080 46 5 125 -0 80 1775 1479 050 -020 =121
75 3 2.747 080 45,4 0.03 -0.71 -17.65 171.4 0.15 0.10 -1.51
75 3 4,351 000 43,1 -0.13 -1.10 -17.88 147.3 -0.05 -0.15 -1.090
75 3 3.507 000 60.8 -0.46 2.19 -18.14 73.1 0.05 -0.05 -0.81
751 2.25 3.598 120 431 0.04 0.40 -24.43 156.5 0.00 -0.17 -1.20
751 2.25 3.107 120 46,0 -0.22 -2.38 -24.00 1437 -0.23 -0.46 -1.14
751 2.25 2.155 120 54.6 0.08 -8.21 -23.97 129 -0.11 -0.34 -1.14
751 2.25 2.391 120 46.0 -0.77 0.81 -24.64 147.3 0.40 0.28 -1.20
751 225 3845 060 827 131 -5 73 -22 82 124 4 -005 -005 =111
751 225 3137 060 603 -097 131 -24 39 136 -023 034 -071
751 225 2326 060 651 004 121 -25 33 1273 023 000 -074
751 2.25 3.98 000 56.5 -1.69 0.69 -24.58 90 017 0.06 -097
751 2.25 3.172 000 60.3 0.08 1.69 -24.86 92.2 -0.06 -0.17 -0.66
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